Abstract: Dilatancy understood as inelastic volume changes of rock under conditions of differential stress not only foreshadows brittle rock failure [1] [2] [3] , preceding such phenomena as earthquakes or mining-induced rockbursts, but also defines the kinematics of rock deformation [4, 5] . This article shows that there is a quantitative relationship between the dilatancy occurring at different levels of rock load and the development of fracturing that accompanies the process of rock degradation. Based on the mechanical laboratory test results of Wustenzelleer fine-grained sandstone, the article presents analyses of plastic volume changes in rock samples and a certain measure of fracture development accompanying the process of their degradation. Thanks to the characteristics obtained through mechanical tests with unloading, the inelastic volumetric strain of the samples was established, and the scalar damage variable (CDM -continuum damage mechanics approach) was determined at various load levels. These results demonstrated the relationship between dilatancy and rock stiffness changes describing the development of fracturing. Three load intervals were determined, in which the nature of the analysed phenomena, i.e. dilatancy and damage describing the development of cracks, undergoes significant changes. The highest intensity of both phenomena was obtained in the post-critical load range, between the ultimate strength limit and the residual strength of the samples, in which rock samples undergo the process of degradation the most. Obtained dependencies allow the correlation to be taken into account in damage mechanics models describing the variable stiffness of rocks in the loading process.
Introduction
Dilatancy as inelastic volume changes is observed in rock at quite low load levels both in laboratory tests [1-3, 6, 7] and in situ observations [8, 9] . It has considerable practical significance due to the possibility of it being used to predict the failure of the rock mass. Owing to this, it can be treated as a precursor of such phenomena as shocks, earthquakes or mining rockbursts [1] and, as reported by Andersson et al. [9] , for investigating the onset of spalling (cracking) in fractured rock mass.
Its effect is initially relative, and from a certain level of load, an absolute increase in rock volume can also be observed, despite the impact of compressive loads. In hard, brittle rocks it occurs practically under any load condition; however, in porous rocks it depends on the hydrostatic pressure component [10, 11] . Dilatancy has its source in the microstructure of the rock and is the result of slips on the initially existing microfractures, grain boundaries, as well as on newly formed fractures [12, 14] . For example, the study [12] authors divide the mechanisms of microcrack nucleation in marble into four types ( Figure 1 ). The type I mechanism is where a packet of twin lamellae, which intersected a grain boundary, caused the tensile stress concentration which nucleated the crack. The type II mechanism is when the glide lamella is blocked by an obstacle and the crack forms along the lamella. In the third mechanism (observed in the Tennessee marble) it is possible to create microcracks that do not require the presence of a grain boundary. The IV mechanism consists of a plastically yielding grain surrounded by non-yielding grains [12] .
In the case of newly formed cracks, dilatancy is then a kind of derivative and the effect of the microcracking process, and is closely related to it. At the macroscopic level, these phenomena can be observed in the form of permanent deformations, while when analysing the mechanical characteristics of the samples -after unloading. It is assumed that dilatancy is initiated by the relative dilatancy threshold OD (see Figure 2) [2, 7] , which can be determined by several methods [15, 16] . Brace et al. [2] and Kwaśniewski [6, 7] show that in the stress-strain characteristics ( Figure 2 ) one can find the following thresholds and stages:
• crack closure, observed in the axial σ 1 or differential (σ 1 − σ 3 ) stress-axial strain ϵ 1 relation at the beginning of the loading process up to its linearity, • crack initiation or onset of dilatancy OD, observed in the volumetric strain ϵ V characteristic (threshold of relative dilatancy), • unstable crack growth TD understood as the threshold of absolute dilatancy, when the volumetric strain ϵ V has a maximum value, • ultimate strength σ F .
• residual strength σ R .
For sedimentary rocks, the threshold of relative dilatancy is usually 0.2-0.5 σ F . After crossing the threshold of relative dilatancy, despite the relative increase in volume, rock is subject to compaction. Only exceeding the threshold of absolute dilatancy TD causes an absolute increase in the volume of rock. For brittle and strong rocks this threshold often occurs close to the limit of σ F ; however, in weaker or porous rocks, it may be close to 0.5 σ F . The nature of dilatancy is variable and depends on the mechanism of failure, in the form of axial splitting, single shear or shear bands. Regardless of the mechanism of failure, its course can be divided into three intervals, corresponding to the pre-critical part (from TD to σ F ), post-critical range (from σ F to σ R ) and residual part (beyond σ R ) of the sample load characteristics [4] [5] [6] .
In turn, the development of cracks accompanying the degradation of rock has an extremely complicated, random character, and is therefore difficult to observe. Microcracks can be tracked directly on the basis of microscopic analysis [12, 14, 17, 18] or computed tomography [20] . The tests confirmed that the development of cracks occurs mainly through the initiation and development of initial micro fractures and their merging into a single macrocrack [18, 21] or into shear bands [14, 22] . Practical observations and quantitative analyses of microcracks in rocks, however, are carried out mainly indirectly, through effects associated with fractures, i.e. changes in the stiffness of samples, changes in the velocity of elastic waves, or acoustic emission during the loading process. These methods allow to determine certain measures, both scalar and tensor, thanks to which the description of the usually anisotropic character of microcracks is possible [14, 21] . In this article, the method of axial stiffness changes of rock samples and scalar damage variable (CDM) was used to describe the development of cracks in sandstone samples at various load levels. This is possible thanks to the utilisation of the sample tests characteristics with unloading.
The main goal of the paper is an attempt to link the changes in the axial stiffness of the samples with the corresponding inelastic volume strains (dilatancy) registered in the sandstone damage process. These dependencies, relatively simple to be determined in laboratory tests, can be applied to define elastic-plastic models, with damage used to describe the inelastic behaviour of rocks [23, 24] and other brittle materials, e.g. concrete [25, 26] . In the continuum damage mechanics models, there is a need to define material functions that describe the evolution of damage variables. The experimentally determined relationship presented in this article can be used as a function of the evolution of scalar damage variable.
Methods of rock sample testing 2.1 Mechanical tests of sandstone samples under uniaxial and triaxial compression
The investigations were carried out on MTS servocontrolled Rock and Concrete Mechanics Testing System with MTS triaxial cell, model 656.11. The measurement of the axial force was carried out by a force transducer installed inside the pressure cell, while the displacements were measured by extensometers. Radial displacements were determined through the measurement of changes of the sample circumference with a chain placed around it, axial ones outside the cell, and measuring the piston displacement. Mechanical tests were carried out at a constant rate of axial strain of samples, which amounted to 1 · 10
. The test procedure for triaxial compression tests consisted of several stages ( Figure 3 ). After installing the sample in a triaxial chamber and filling it with mineral oil, confining pressure was applied to the desired value (5, 10, 20, 40, 70 MPa). The axial force of the chamber piston was increased to a specific level of axial compression and then reduced to almost zero (usually 6÷10 cycles of axial loads). The uniaxial (UCS) tests were carried out in a similar manner, without the first stage of applying confining pressure. All rock samples tested were cylindrical and cut out from the rock block, and their dimensions were: height h=70mm, diameter d=35mm. There were 23 rock samples investigated, five with uniaxial compression and eighteen with conventional triaxial compression. [23, 24, 27] , which describes the changes in the axial stiffness of the rock samples (2) in pre and post-critical load range, was used to describe the development of cracks in the sandstone (Figure 6 ). This assumption entails that the development of cracks is treated here as an isotropic phenomenon. As can be seen, both the scalar damage variable D E ( Figure 6 ) and the corresponding dilatancy value ϵ pl vol (Figure 5 ) for a given sample were determined at the same load levels.
In the continuum damage mechanics homogenisation of micro cracks, fractures and pores occur thanks to the definition of inner state variables called damage variables [28, 29] . Damage variables can be defined as scalar, vector or tensor quantities of various orders, depending on the evolution of the damage. On the basis of the equivalence principle (Figure 7) , a concept of the so-called effective values of stressσ (3) and strainε (4) is being introduced instead of stress σ and strain ϵ concepts, in the continuum damage mechanics. Figure 7 : Strain equivalence principle in continuum damage mechanics [27, 29] 3 Discussion of the laboratory tests results
Volume changes in sandstone samples
The dilatancy at a given load level was established on the basis of inelastic volume strains read from the test characteristics of the samples with unloading for all the performed tests. As can be observed ( Figure 5 ), volumetric changes in the first interval A are relatively small and largely correspond to the compaction. In the second interval B, the biggest changes in dilatancy are recorded, and the curve of inelastic volume changes has the greatest inclination, while in the third interval C, inelastic volumetric changes slowly disappear. It should be emphasised that from a physical point of view, volumetric changes in interval C should not take place, are dependent on measuring method and should be negligible. The results of dilatancy ϵ pl vol obtained for uniaxial compression tests are presented in Figure 8 and for all tests (unconfined and confined) in Figure 9 .
The highest increase of dilatancy value can be observed in the interval B between the ultimate strength σ F and the residual strength σ R of the samples for ϵ 1 /ϵ 1crit > Qualitatively similar results were obtained in [4, 5, 30, 31] where, among others the variability of the dilatancy angle was determined as a parameter of the elastic-plastic mechanical model.
Development of cracks and the changing stiffness of sandstone samples
In Figure 10 it can be noticed that the stiffness of the samples in the pre-critical load range (up to ultimate strength σ F ) first increases and then decreases -when it is close to the critical strain value ϵ 1 /ϵ 1crit = 1. It can be assumed that this is the result of two overlapping phenomena. The first is related to the progressive development of microcracks, which results in the softening of the sample. The second -to the compaction of pores and primary cracks, which causes the sample to strengthen. Both opposing phenomena overlap in the interval A. Once the limit of ultimate strength σ F is exceeded ϵ 1 /ϵ 1crit > 1, the phenomenon of microcracks development prevails and leads to macrocracking and sample degradation. The values of scalar damage D E determined on the basis of axial stiffness changes (4) in five uniaxial compression tests are shown in Figure 11 . The damage described by D E measure is evident at the level of the load corresponding to the compressive strength. The highest increases in the variable damage can be observed in the interval B between the compressive strength limit and the residual strength of the samples. After exceeding the threshold of residual strength σ R (points in red colour), the value of the damage variable D E remains constant.
The development process of cracks and damage measured with scalar variable D E , in the case of triaxial compression tests, has a similar course (Figure 12 ).
In this case, however, the maximum value of damage variable D E depends on the pressure surrounding the test. This is the effect of rock strengthening at higher pressures surrounding the tests and the transition from a brittle to quasi-ductile state.
The relationship between the development of cracks and dilatancy
If we compare qualitatively the changes in dilatancy and the development of cracks in the three previously proposed intervals, we can see a clear similarity in the intensity of both studied phenomena. < 0.025 is non-linear. However, in the entire deformation range, it can be treated as a linear one, and it was for this form of the function that the parameters of the equation approximating the test results were determined ( Figure 13 ).
Conclusions
The article presents the results of tests describing the development of cracks and inelastic volume changes (dilatancy) of fine-grained sandstone in the conditions of uniaxial and triaxial compression. Three load intervals were determined, in which the nature of the analysed phenomena, i.e. dilatancy and damage describing the development of cracks, undergoes significant changes. The highest intensity of both phenomena was obtained in the postcritical load interval, between the ultimate strength limit and the residual strength of the samples, in which rock samples are weakened and undergo a process of degradation. At the level of residual strength, damage changes and inelastic volume changes can be omitted.
The above assumptions determined a linear relationship between dilatancy and damage variable describing the development of cracks. The obtained results indicate that dilatancy not only foreshadows the destruction of the rock but can also be a measure of its degradation. The obtained dependencies can be used to define the function of the evolution of the damage scalar variable describing the process of rock degradation.
